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Introduction
Superconducting fault current limiters -SFCL are composed of superconducting elements of alternating impedance, being connected in series in an electrical circuit [1] , [2] . They show a low impedance while operating in rated conditions of a protected electrical circuit, and high impedance in short circuit conditions in a protected circuit [3] . Fig.1 . The state in the superconductivity -the idea of phenomena [4] , [5] .
The rapid return of capabilities to limit the current after the disappearance of short circuit and long life together with low operating costs are the main advantages of superconducting fault current limiters.
The SFCL superconducting elements work in both the superconducting and in the resistive state. The requirements for SFCL superconducting materials are different than in the case of other superconducting devices intended to operate only in the superconducting state ( Fig.  1 ) [1] , [6] .
The classification of superconducting fault current limiters
Literature distinguishes between the following superconducting fault current limiter types:
systems with an open magnetic core [11] , b) systems with a closed magnetic core,  transformer type [12] , [13] . You can accept the idea that the transformer type superconducting fault current limiter is a variation of the inductive type superconducting fault current limiter with a magnetic core. The transformer type superconducting fault current limiters have many advantages over resistance and inductive ones because they do not require current culverts, as it is the case of resistance limiters, and do not require secondary superconducting winding either, as it is the case of inductive limiters. In the transformer type superconducting fault current limiters the secondary winding impedance value of a limiter will increase the short circuit impedance during the short circuit, consequently the short circuit current will be limited to the value resulting from the parameters of the superconducting element used. The degree of reduction of the current in the transformer type superconducting fault current limiters is sufficient to limit the short circuit current with very large values.
The principle of the construction and operation of transformer type superconducting fault current limiter Fig. 2 shows the idea of the construction and operation of transformer type superconducting fault current limiter. The limiter in question is composed of a conventional transformer with copper winding and of a superconducting element R 2 , shorting the secondary winding of a conventional transformer. The superconducting element is usually an inductor or a bifilar coil, wound with the HTS superconducting tape. The primary copper transformer winding is connected in series with the protected circuit of power grid and the secondary winding is shorted with the HTS superconducting coil, with the critical current value equal to the admissible value of the current of the protected circuit. When the current in the secondary winding of the conventional transformer exceeds, as a result of a short circuit, the value of the critical current of the superconducting winding, the winding loses superconductivity and transits into the resistive state. The HTS coil transition to a resistive state occurs rapidly. Within a few microseconds, the resistance of the secondary side of the transformer and the transformer type superconducting current limiter "changes" in the reactor limiting the current in the protected circuit. With such an activity of the limiter, the short circuit/fault current does not achieve its primary maximum, which protects electrical equipment, especially transformers, from the effects of mechanical forces that can damage the device mechanically. If the value of the current of the power transmission line I 1 , which is equal to the current value of the primary side of the serial transformer, is small then the current limiter has a very low impedance (in the superconducting state), because R HTS = 0.
During the short circuit, as a result of the increase in the value of the I 1 current the limiter has a high impedance (a resistive state), because the resistance of the superconducting element is significantly higher than zero R HTS > 0 [15] . 
Design and construction of transformer type superconducting fault current limiter model
In the Laboratory of Superconducting Technologies of Institute of Electrical Engineering a functional model of a single-phase transformer type superconducting fault current limiter model was designed and constructed [16] .
The limiter consists of a conventional 10 kVA transformer with copper secondary winding shorted with a superconducting element (Fig.3) . Table 1 shows the Cu conventional transformer model parameters. The superconducting element is a superconducting coil composed of two independent windings w 1 , w 2 wound on a common bobbin. This structure allows the configuration of the superconducting element to operate with different values of resistance and inductance of windings: winding w 1 or w 2 windings connected in series or in parallel -either compatibly or contrarily. Fig.4 . The branched characteristics of tapes in the second generation [17] This allows you to determine the effect of the parameters of the superconducting element on the process of limiting the current by a limiter. Superconducting windings are cooled in a bath of liquid nitrogen. The parameters of the superconducting windings are given in Table 2 . Both windings are made of HTS 2G SCS4050 superconducting tape produced by SuperPower. This is a tape with a width of 4 mm and a thickness of 0.055 mm [16] , [18] [19] [20] laminated on both sides with copper, with a critical current I c = 150 A. Maximum rated current of the superconducting windings is equal to the effective value of the critical current of the superconductor amounting to 82 A. 
Laboratory research for transformer type superconducting fault current limiter model
Experimental research was conducted in order to verify the possibility to limit the short circuit current by the transformer type current limiter and to determine the level of the current limit with respect to the parameters of the superconducting element (HTS windings configuration) [12] . The research was conducted in Laboratory of Superconducting Technologies in the measurement system shown in Fig. 6 . Fig.6 . Short circuit measurement system for transformer type superconducting fault current limiter [16] The superconducting fault current limiter model is powered by a voltage regulator connected to the power network in separate transformer. The shunts used to perform the current measurement have a value of 1 mV/1 A. The measurements were performed with the use of a measuring PC DAQ Card and LabView software. The short circuit was initiated by the short circuit system. The time of short circuit is 0.05 s.
The analysis was performed for the following superconducting winding configurations w 1 and w 2 : Configuration I -the secondary winding of the Cu transformer shorted with w 1 coil, Configuration II -the secondary winding of the Cu transformer shorted with w 2 coil; Configuration III -the secondary winding of the Cu transformer shorted with w1 and w 2 coils connected in parallel. The electrical parameters of windings for each configuration of HTS coils are shown in Table 3 . Fig. 7 shows the current waveforms on the primary and secondary side of the limiter for the selected configuration of the windings. After the current in the secondary winding of the Cu transformer has crossed the critical current value of the superconducting winding, the surge current (the first impulse of the short circuit current) is limited to the value resulting from the value of the short circuit impedance of the limiter -Z ZW (I SC ). The comparison of the primary current waveforms obtained for all the HTS configurations of the windings shown in Figure 8 compares the number of times the limited surge current exceeds the value of the critical current of the superconducting winding.
Rys.8. The comparison of the primary current waveforms for the three configurations of HTS windings [16] .
The short circuit impedance of the limiter Z zw (I SC ), is the sum of Cu transformer impedance -Z zwCu (I SCCu ) and superconducting winding impedance Z HTS . If we assume for simplicity that Z zwCu (I SCCu ) has a constant value, then the impedance value Z zw (I SC ) depends on the reactance value X HTS and the resistance R HTS of the HTS winding, thus on the configuration of the winding and on the resistance of the superconducting tape used at the temperature of 77 K. The higher the R HTS and X HTS value, thus the value of the superconducting winding impedance the greater the limitation of the short circuit current. The time after which the limited surge current reaches the expected value of the short circuit current set, for configuration II of the HTS winding, amounts to about 6 ms.
Conclusions
The analyses conducted and experimental research results show that it is possible to build a transformer type superconducting fault current limiter, using the existing conventional transformer with the secondary winding shorted by the superconducting winding made of HTS tape.
The level of limiting the short circuit current, especially the first impulse of the surge current, depends on the value of the short-circuit impedance of the limiter, being the sum of the Cu transformer impedance and HTS winding impedance. HTS winding impedance depends on the winding configuration (inductors or bifilar coils, or many coils connected in series or in parallel), and also on the resistance of the superconducting tape. Selecting the proper HTS tape as well as the appropriate configuration of the superconducting winding, on the assumption of the constant value of the Cu transformer impedance, it is possible to build a transformer type superconducting fault current limiter with a desired level of limiting the short circuit current.
